Utilization of the semi-coke collected from oil shale retorts is very important
Introduction
Oil shale is a solid-state organic-rich sedimentary rock and combustible material with high ash content. According to its released heat, the total reserve of oil shale ranks second after coal. Oil shale can be burnt in boilers, and also can be retorted to produce shale oil. Retorts for processing oil shale have been built in Estonia, Brazil, Australia, China, etc. Oil shale is regarded as a supplemental energy source having economic and social benefits [1, 2] . Semi-coke is the solid residue left after oil shale retorting, containing phenols, polycyclic aromatic hydrocarbons (PAHs) and oil products that are potential pollutants to the environment [3] . Thus, it is very important to deal with deposits of semi-coke. Although the property of the oil shale semi-coke depends on the conditions of retorting process and varies greatly, semi-coke has always been considered as a potential fuel. Considering that oil shale semi-coke has usually high ash content, low volatile matter content, low calorific value, and is difficult to burn [4, 5] , it will be the best way to burn semi-coke with other solid fuels, such as coal, biomass, oil shale, sewage sludge and their blends [6] [7] [8] [9] [10] .
According to the results of the research, this paper proposes a method for processing semi-coke by mixing it with bituminous coal in circulating fluidized bed boiler. The ash left over from the burning process could be utilized as the building material if its carbon content is less than 2%. Based on this idea, thermogravimetric analysis was applied to investigate the process of co-combustion of semi-coke and bituminous coal.
Thermogravimetric analysis (TGA) of oil shale samples has been extensively used for determining combustion characteristics. TGA may be carried out in isothermal or non-isothermal conditions, the latter is being used more and more as it has several advantages over the isothermal method. First, experimental time is shorter. Second, the errors due to the thermal induction period are eliminated. Third, it simulates better the conditions expected at large-scale oil-shale retorting processes. So, many researchers have applied non-isothermal TGA to investigate the decomposition process and decomposition kinetics of oil shale. The present investigation is an experimental study on the samples of oil shale semi-coke, bituminous coal and their blends on TGA apparatus under non-isothermal conditions. The experimental data were analyzed to determine kinetic parameters -activation energy and the functions of kinetic mechanism.
Experimental Materials
Oil shale semi-coke (SC) used in this work was collected from Huadian oil shale retort factory in Jilin Province, China. Bituminous coal (C) used in this research was gathered from Jixi deposit, located in Heilongjiang Province, China. Chemical analyses of two samples are presented in Table 1 . Bituminous coal was mixed with oil shale semi-coke in three different mass percentages in the blend (10, 20 and 30 %) and marked as M1, M2, M3, respectively. Particle size of the blends was less than 200 µm. 
Apparatus and experimental procedures
Thermogravimetric tests were performed using a PerkinElmer thermogravimetric analyzer Pyris1 TGA. The weight loss and weight loss rate were continuously recorded under dynamic conditions as a function of time or temperature, in the temperature range of 0-1000 ºC. The sensitivity of the weight precision of this instrument is 0.1 µg. To eliminate the effects of heat and mass-transfer limitations, and ensure both -the reproducibility of TG experiments and accuracy of kinetic analysis, several pre-screening TG experiments were conducted. TGA were carried out using 6-8 mg samples. The constant air flow rate was 100 mL/min. The temperature of the TGA was linearly increased with the heating rate of 10, 20, 40 ºC/min from ambient temperature up to 850 ºC. The same experiment was repeated at least twice to ensure the repeatability and the accuracy of the test data.
Results and discussion

Combustion of samples
Conversion degree α is defined by the following equation:
where W t -the weight of the sample at a given time t; W 0 , W f -the weight at the beginning and at the end of the TG reaction being analysed. Using equation (1) , according to the results of related TG experiments, the relation of conversion degree vs. temperature at different heating rates could be calculated and shown in Fig. 1 .
Based on the related TG experiments, DTG curves could be calculated as shown in Fig. 2 . It was found that combustion of semi-coke includes three temperature ranges: ambient temperature -130 ºC, 450-650 ºC and 650-850 ºC, respectively. The first stage is the moisture loss; in the second stage the combustion of volatile matter and fixed carbon takes place and the final is mineral matter decomposition stage. But coal combustion is different from that of semi-coke. In case of coal there are only two reaction regions: the moisture loss and combustion of combustible matter. The combustion of mixture of semi-coke and coal was more similar to the combustion of semicoke.
In Table 2 four combustion characteristics calculated for given heating rates can be seen, including the ignition temperatures (T i ), maximum combustion rate (DTG max ), the temperature corresponding to the maximum combustion rate (T max ) and burn-out temperature (T h ). It was found that due to the thermal lag, increase in the heating rate also increases the values of T i , T max and T h . The DTG max value increases with an increase in the heating rates for all samples. 
Determination of the kinetic mechanism
The reaction for the heterogeneous processes of the semi-coke blends with air under non-isothermal conditions in TGA depends only on the conversion degree α and temperature T , as expressed below by the following equation:
where t is time.
By the usual change of the variable time into temperature, equation (2) could be changed into equation (3):
where β = dt dT / is the heating rate.
In the related experiments the heating rate is being kept constant. Therefore, equation (3) could be integrated as below: 
then equation (4) could be simplified and shown in equation (7) as follows:
With the help of the various conversion functions, given in Table 4 , the values of (6), it could be inferred that I mn is constant and, from equation (7), F mn was adopted as the variable at the y-axis and 1/β at the x-axis, a straight line could be formed between F mn and 1/β with the intercept as zero if the proper analytical form of f(α) is chosen. In practice, the best correlation coefficient (R) can be used to choose the proper kinetic function. This method is based on several curves proposed by Popescu in 1996 [11] . Many authors disagree with the methods based on deriving kinetic parameters from TG/DTG curves, because incoherent results could be gained but Olivella and Heras confirm that Popescu's method is the most accurate method for deriving kinetic parameters from TG curves of oil shale and coal pyrolysis. [12] . The combustion reaction occurs mainly in the stage where combustion of volatile matter and fixed carbon takes place (450-650 ºC), so T m is considered to be 450 ºC, T n is 650 ºC, and the corresponding conversion degrees for each combustion stage are given in Table 3 . In addition the samples of semi-coke and bituminous coal were provided as references. According to [13] , applying data from Table 3 to the equation (7), a plot of F mn vs. 1/β for all samples is obtained. There are nine reaction models available [14] , to provide better linear relationship. The nine models, the correlation coefficients (R) and standard deviation (SD) for each plot of samples are given in Table 4 and Table 5 . It can be seen from Table 5 that the best correlation coefficient appeared when the three dimensional diffusion reaction mechanisms (Function B) applied during combustion of oil shale semi-coke or bituminous coal. Similar results are also obtained by Zhang [15] . Function G is the best for the blends of oil shale semi-coke and bituminous coal. 3 (1 ) [ (1 ) 
Determination of the activation energy
The activation energy is determined by Flynn-Wall-Ozawa (FWO) method. The following equation has been used to obtain the activation energy, which can be calculated from the plot of ln β versus 1/T by fitting to a straight line [14, 16] . ln ln 5.3305 1.052
Applying equation (8) Table 6 . According to Table 6 , it could be found that activation energies of oil shale semi-coke are the highest and activation energies of bituminous coal are the lowest at the same degree of conversion. The E exp values of the blends are between those of bituminous coal and semi-coke. For oil shale semicoke, bituminous coal, and their mixtures, high activation energy means that the reaction requires more energy from the surroundings. The change of activation energy shows that different blending ratios of oil shale semi-coke and bituminous coal present different reactivity at different conversion degrees. As inferred from Table 6 , the higher is the proportion of bituminous coal in the blend, the closer is the value of activation energy E of the mixture to that of coal. For oil shale semi-coke and all the blends, the obtained activation energies decreased at the early stages, and then increased in at the later stage. When α = 0.2, the values of E exp of M1, M2, M3 were all smaller than their values of E cac . It means that the ignition characteristics of the blends were improved compared to the oil shale semi-coke when less coal was added into the mix. The stage after α=0.8, which is considered as the decomposition of carbonate minerals of oil shale semi-coke, the E of oil shale semi-coke and the blends increase dramatically, and the activation energy values are quite similar to the limestone decomposition (182.56 kJ/mol) [17] . In all, combustion reactions of oil shale semi-coke, bituminous coal and their blends are very complex multistep reactions and further research should be performed in the future.
According to Table 7 , the activation energy value obtained in this study was smaller compared with those from the literature [10, 12] and it was found that those activation energies were different, although the same kinetic method was used. The great disparity may have risen from the differences in such experimental factors as different sample, heating rate, flow rate, etc. [18] . Note: *The activation energy E mean was calculated as arithmetic average of several E values obtained for the different conversion degrees (α≤0.8, except for Sample C) shown in Table 6 .
Conclusion
Co-combustion of semi-coke from oil shale retorts with bituminous coal at different mass ratios was investigated in this research by means of TGA. The reaction mechanisms involved were explored by the method put forward by Popescu, and the activation energy was further calculated by FWO method. The conclusions made after the study are the following:
(1) Regarding the combustion process, there are three stages for the blends and semi-coke: moisture loss, combustion of volatile matter and fixed carbon, and decomposition of mineral matter. Regarding the combustion of coal, there are only two reaction regions: moisture loss stage and combustion of volatile matter and fixed carbon. (2) Reaction mechanism involving the combustion of semi-coke or bituminous coal alone was described by the three dimensional diffusion model (B). For their blends random nucleation and growth (G) reaction mechanism was implemented. (3) In the same conversion degree, the activation energies decrease with increasing of the ratio of bituminous coal in the blend. Furthermore, they are lower than those calculated as the algebraic sums of those from each separate component. Reactivity of bituminous coal is better than that of oil shale semi-coke, and it is improved for the blends with increasing of the ratio of bituminous coal.
